The following paper presents an approach to the mathematical modeling of heat and mass transfer processes in a 3-phase, 80 MVA AC, electric arc furnace (EAF) and represents a continuation of our work on modeling the electric and hydraulic EAF processes. This paper represents part 1 of the complete model and addresses issues on modeling the mass, temperature and energy processes in the EAF, while part 2 of the paper focuses solely on the issues related to the thermo-chemical relations and reactions in the EAF. As is generally known, the chemical, thermal and mass processes in an EAF are related to each other and cannot be studied completely separately; therefore, the work presented in part 1 and part 2 is related to each other accordingly and should be considered as a whole. The presented sub-models were obtained in accordance with different mathematical and thermo-dynamic laws, with the parameters fitted both experimentally, using the measured operational data of an EAF during different periods of the melting process, and theoretically, using the conclusions of different studies involved in EAF modeling. In conjunction with the already presented electrical and hydraulic models of the EAF, the heat-, mass-and energy-transfer models proposed in this work represent a complete EAF model, which can be further used for the initial aims of our study, i.e., optimization of the energy consumption and development of the operator-training simulator. The presented results show high levels of similarity with both the measured operational data and the theoretical data available in different EAF studies, from which we can conclude that the presented EAF model is developed in accordance with both fundamental laws of thermodynamics and the practical aspects regarding EAF operation.
Introduction
The paper proposes an approach to the mathematical modeling of heat and mass transfer processes in an 80 MVA AC, electric arc furnace (EAF) and represents the continuation of our work on modeling the electrical and hydraulic EAF processes.
1) The relations and sub-models studied in this paper are considered as part 1 of the complete EAF model, with the thermo-chemical relations in the EAF being addressed in part 2. As is generally known, the chemical, thermal and mass processes in an EAF are related to each other and cannot be considered separately; therefore, the work presented in part 1 and part 2 is related to each other accordingly and should be considered as a whole. The main objective of the models proposed in this paper is to obtain accurate and reliable relations that describe different types of heat and mass transfers between the EAF zones, i.e., the solid and liquid steel and slag zones, the gas zone, the EAF's roof and walls, etc. The thermal processes considered in this paper include the heat transfer dissipated from the arcs, the radiative heat exchange, the view factors and temperature changes, while part 2 represents the chemical reactions and the corresponding thermal relations. As for the mass-transfer model, this paper presents mass-transfer models as a consequence of steel and slag melting, while additional mass transfers that occur as a consequence of chemical reactions are described in part 2. A reference to part 2 is added at each necessary point as (PART 2) . When examining the literature, some papers that propose different approaches to the modeling of the mass transfer and/or thermal processes in the EAF already exist, from simplified and more complex general heat-and mass-transfer models 2, 3) to a more focused analysis of different heat submodels. 4, 5) The idea of the model presented in this paper was derived from the papers of Bekker 2) and MacRosty; 3) however, the model proposed by Bekker is oversimplified for the needs of our study, while the model proposed by MacRosty either describes differently or does not address some issues on the radiative and conductive heat transfer between the steel, the slag and the gas zones and the CO postcombustion, which are in our opinion also important for the overall accuracy of the model. Therefore, a more complex model, taking into account additional relations and eliminating the deficiencies of the previously mentioned models is proposed in this study. Besides the modeling of the fundamental laws of mass and heat transfer, special attention is devoted to the parameterization of the developed model using available initial, endpoint and online measurements of the EAF's operation. As some relations in the EAF process are hard to be modeled mathematically, approximate equations are proposed to fit the obtained measurements.
Like the electrical model developed in our previous work, the model proposed here is based on the 80 MVA AC furnace installed in one of the ironworks in Slovenia. There-as: Fe, Si, Mn, Cr, C and P in solid form,
• liquid scrap zone (lSc), containing the same elements as the solid scrap zone, but in liquid form,
• solid slag zone (sSl), containing charged slag-forming compounds such as: CaO, MgO and Al 2O3 in solid form,
• liquid slag zone (lSl), containing the slag-forming and oxidation-process compounds in liquid form such as: CaO, MgO, FeO, SiO2, MnO, Cr2O3, P2O5 and Al2O3 in liquid form,
• gas zone (gas), containing the gases either lanced into the EAF or produced as a product of oxidation/reduction, such as: N2, O2, CO, CO2 and CH4.
Two more EAF zones were added for the needs of the conductive and radiative heat-transfer model:
• roof zone, • wall zone, both primarily defined for computing the cooling powers and the EAF cooling losses. For the needs of the heat-and mass-transfer models, each zone is assigned common parameters describing its physical properties, i.e., specific heat Cp, density ρ, thermal conduction k, molar mass M, etc., which are the average values proportional to the physical properties of its constituents. The zones are schematically presented in Fig. 1. 
Heat Transfer Model
When operating the EAF all three types of heat transfers, i.e., conductive, convective and radiative, are present. Heat conduction occurs between the zones in the furnace, which are in a direct contact with each other. Convection of the heat is present between the gas zone and the surrounding zones, while radiation prevails between the surfaces that are in the field of vision of each other. Considering all three mechanisms of heat transfer, the EAF thermal model is based on the heat-transfer or energy-balance equations, which are determined for each of the previously mentioned EAF zones.
Solid scrap zone (sSc)
The solid-scrap zone receives the heat from the arcs Qarc, liquid metal QlSc-sSc, liquid slag QsSc-lSl, gas zone QsSc-gas, oxygen burners QCH4 (PART 2) and CO post-combustion QCO-post (PART 2) ; while its energy is exchanged with the solid slag QsSc-sSl and lost to the water-cooled panels QsSc-water. Also, a large portion of the heat is exchanged through the radiation QsSc-RAD, which is dependent on the thermal conditions, emissivity coefficients, surface areas and view factors in the furnace, which are addressed in Section 2.2.1. The energy received from the oxygen burners, arcs and CO post-combustion is dependent on the exposure coefficient KsSc-lSc (Eq. (32)), which determines the fractions of the arc and burner energy transferred either to the solid or liquid metal zones. The where Kpost denotes the efficiency of CO post-combustion. CO post-combustion energy, which is not reflected to the steel zone, is otherwise used to heat the gas zone. The negative sign preceding QsSc-RAD denotes that the solid-scrap zone receives radiative energy.
The energy added to the solid steel zone from the arcs is directly dependent on the arc powers. As suggested, the arc energy transferred to the steel through conduction amounts to 15-20% of the total arc power, 75-85% of the arcs' energy is transferred to the furnace surfaces by radiation 6) and some of the energy is lost to gas and electrodes (2-5%). 3, 7) In our case the energy dissipated from the arcs by conduction (Qarc) is proportional to arcs' powers and represents 20% of the total power, the energy transferred by radiation (Qarc-RAD) is assumed to represent 75% of arc power, 2.5% of the arc power heats the gas zone (Qarc-gas), while the remaining 2.5% of the energy is lost to electrodes and is thus neglected in further calculations. Qarc can therefore be defined by Eq. (2) The energy added to the solid steel zone from the oxygen burners QCH4 is proportional to the burners' power and we suggest that their efficiency is described by the following Eq. (3):
where (PART 2) represents the energy provided by the burners, Kburn represents the approximate burner efficiency (0.7) 6) and together with represents the hyperbolic-tangent approximation which accounts for decreasing burner efficiency with increasing temperature of the steel. Hyperbolic-tangent burner efficiency approximation is derived from the paper of Bergman and Gottardi, 8) who suggest that the burner efficiency is decreasing proportionally to the % of the meltdown time. Since the current temperature of the steel is related to the % of the meltdown time, we suggest that the burner efficiency is approximated by the temperature of the solid steel. The comparison between the measured 8) and the approximated burner efficiency can thus be represented by Fig. 2 .
Modern EAF assemblies use the advanced technology of carbon monoxide (CO) post-combustion. The idea of the post-combustion is to oxidize the carbon monoxide, which is produced by chemical reactions in the bath, to carbon dioxide (CO2) and use the energy of the chemical reaction with oxygen, instead of emitting the CO to off-gas. The energy added to the solid steel zone from the CO postcombustion QCO-post is dependent on the efficiency (Kpost) of the post-combustion and is discussed in part 2 (PART 2) . The energy flow between the solid and liquid scrap zones QlSc-sSc can be described by Eq. (4) as follows:
......... (4) where mlSc-sSc represents the mass of either the solid or liquid metal, depending on which one is smaller; Ktherm1 represents the heat-transfer coefficient; Karea1 represents the area coefficient between both zones; TlSc and TsSc represent the temperatures of the solid and liquid metal zones, respectively.
Like Eq. (4), the energy exchange between the solid scrap, solid slag and liquid slag zones can be defined by Eqs. (5) and (6) The energy exchanged between the solid scrap and the surrounding gas QsSc-gas can be described by Eq. (7) as follows:
... (7) where msSc represents the current mass of solid steel; mEAF represents the EAF mass capacity; Ktherm4 represents the thermal conductance coefficient; TsSc and Tgas represent the temperatures of the solid steel and the gas zones, respectively; KsSc-lSc represents the exposure coefficient of the solid or liquid metal (Eq. (32)). Coefficient Ktherm4 was obtained from the approximate heat transfer coefficient for steel 7, 9, 10) taking into account the properties of the specific EAF. Together with fraction this factor accounts for decreasing heat transfer to the gas zone with decreasing mass of solid steel.
A portion of the solid steel energy is lost due to the cooling (QsSc-water) of the furnace walls, which was modeled by Eq. (8): ..... (8) where Kwater1 represents the thermal conductance coefficient, which was obtained from approximate heat transfer coefficient of the furnace walls 7) taking into account the dimensions of the specific furnace; TsSc, Twall and Tmelt represent the temperatures of the solid steel, the cooling panels and the steel's melting point, respectively; and represents the exponential decrease of the cooling power with the decreasing mass of solid steel. The expression might be unusual in the EAF modeling practice; however, as the presented paper studies each EAF zone separately (rather than a whole) the needed cooling powers are directly dependent on the mass of each zone. fore, accounts for higher or lower cooling power needed for the each zone, when there is more or less material present. A slight non-linear mass dependency could be, without significant loss of accuracy, replaced with completely linear dependence ( ); however, exponential behavior has been chosen since the melting of the scrap exhibits minor nonlinear dynamics (due to cone-frustum void, Fig. 3 ). Similar expressions can also be found in Eqs. (13) , (15) and (18) , where their interpretation is similar as here.
Liquid metal zone (lSc)
Considering the liquid metal zone, it receives the energy from the arcs Qarc, the oxygen burners QCH4 (PART 2) , CO post-combustion QCO-post (PART 2) and chemical reactions QlSc-chem (PART 2) ; while its energy is lost to the solid steel QlSc-sSc, solid slag QlSc-sSl, liquid slag QlSc-lSl, water-cooled panels QlSc-water and gas zone QlSc-gas. Like with Eq. (1), KsSc-lSc represents the exposure coefficient between the solid and liquid metal zones. The liquid metal zone also exchanges a significant amount of energy through radiation QlSc-RAD, which is addressed in Section 2.2.1. The energy balance for the liquid metal zone can be represented by Eq. (9) (9) The arcs' conductive (Qarc) and the burners' (QCH4) energy input is obtained with Eqs. (2) and (3), while the CO postcombustion (QCO-post) and chemical energy (QlSc-chem) equations are addressed in part 2 (PART 2) . Like with the solid zone, the actual energy from the arc, burners and post-combustion transferred to the liquid metal is proportional to the exposure coefficient KsSc-lSc (Eq. (32)). The energy flow between the solid and liquid metal zones QlSc-sSc is obtained using Eq. (4), while the energy exchange between the liquid metal, liquid slag and solid slag can be determined with the following Eqs. (10) and (11) Like with the solid scrap zone, the energy exchanged between the liquid metal and the surrounding gas QlSc-gas, can be described with Eq. (12) as follows:
...... (12) where mlSc represents the current mass of the solid steel; mEAF represents the EAF mass capacity; Ktherm7 represents the thermal conductance coefficient; TlSc and Tgas represent the temperatures of the liquid metal and gas zones, respectively; KsSc-lSc represents the exposure coefficient. Coefficient Ktherm7 was obtained similarly to coefficient Ktherm4 in Eq. (7) from the approximate heat transfer coefficient for steel 7, 9, 10) and the properties of the specific EAF. Together with fraction this factor accounts for increasing heat transfer to the gas zone with increasing mass of liquid steel.
Similarly to solid scrap zone, the liquid metal zone also loses energy due to the cooling (QlSc-water) of the furnace walls, which can be described with Eq. (13): ...... (13) where Kwater2 represents the thermal conductance coefficient; TlSc, Twall and Tmelt represent the temperatures of the liquid metal, cooling panels and steel melting point, respectively; and represents the exponential increase of the cooling power with the increasing mass of liquid metal, described in Eq. (8).
Solid slag zone (sSl) The solid slag zone receives the energy from the liquid metal QlSc-sSl, exchanges the energy with the solid steel QsSc-sSl and loses its energy to the cooling panels QsSl-water. The energybalance equation is as follows 14:
............. (14) Since the solid slag zone is usually not in direct contact with the liquid slag, gas zone, burners or the arcs, the energy exchange between those zones is ignored. The energy flows QsSc-sSl and QlSc-sSl are obtained with Eqs. (5) and (10), respectively. The energy loss due to the cooling QsSl-water of the furnace walls can be described with Eq. (15): ...... (15) where Kwater3 represents the thermal conductance coefficient; TsSl, Twall and Tmelt represent the temperatures of the solid slag, cooling panels and steel melting point, respectively; and represents the exponential decrease of the cooling power with the decreasing mass of solid slag, described in Eq. (8).
Liquid slag zone (lSl) The liquid slag zone receives energy from the liquid metal QlSc-lSl; while its energy is lost to solid steel zone QsSc-lSl, gas zone QlSl-gas and cooling panels QlSl-water. The energybalance equation can be written as follows 16: ....... (16) The heat exchange between the liquid slag and gas zones ( ) can be defined with the following Eq. (17):
...... (17) where m lSl represents the current mass of the liquid slag; m EAF represents the EAF mass capacity; K therm8 represents the thermal conductance coefficient; T lSl and T gas represent the temperatures of the liquid slag and gas zones, respectively; K sSc-lSc represents the exposure coefficient. Similarly to coefficients K therm4 and K therm7 , K therm8 is obtained from. 7,9,10) Together with fraction the factor accounts for increasing heat transfer to the gas zone with increasing mass of liquid slag. The energy loss due to the cooling QlSl-water of the furnace walls can be described with Eq. (18): ......... (18) where Kwater4 represents the thermal conductance coefficient; TlSl, Twall and Tmelt represent the temperatures of the liquid slag, cooling panels and steel melting point, respectively; and represents the exponential increase of the cooling power with the increasing mass of liquid slag, described in Eq. (8) .
Like as in Eq. (14), the liquid slag is not in direct contact with the solid slag; therefore, the energy exchange between those zones is ignored. Since the electric arcs tend to displace the liquid slag to reach the liquid metal zone, the energy received from the arcs is neglected. One would expect that the energy-balance equation for the liquid slag zone would also include the radiative heat exchange. Even though this would be sound from the physical point of view, it is very difficult to determine the radiative relations between the liquid slag and the other surfaces, mostly in the conditions before the flat-bath period. For this reason we decided not to consider the radiative heat transfer in the case of the liquid slag zone. Consequently, the parameters regarding the liquid slag zone had to be adjusted accordingly. On the other hand, the liquid slag zone has a direct impact on the radiative heat transfer of the liquid metal zone, which is discussed later.
Gas zone (gas)
The gas zone receives energy from the arcs Q arc-gas, the oxygen burners QCH4-gas (PART 2) and the CO post-combustion QCO-post (PART 2) , depending on the post-combustion inefficiency (1-Kpost), exchanges the energy with solid steel QsSc-gas, liquid metal QlSc-gas and liquid slag QlSl-gas; while its energy is lost to the cooling panels Qgas-water. The energy-balance equation is as follows 19:
.... (19) The coefficient of post-combustion efficiency (K post ) in Eq. (19) shows that the energy of the CO post-combustion, which is not consumed by either solid or liquid metal, is transferred to the gas zone and mostly represents a loss of useful energy.
The gas-zone interactions with the solid steel Q sSc-gas , liquid metal Q lSc-gas and liquid slag Q lSl-gas zones have already been presented with Eqs. (7), (12) and (17) . The energy dissipated from the arcs and burners also heats the gas zone, which is obtained by Eqs. (20) and (21) (21) where Parc represents the total arc powers and 0.025 represents the approximated fraction of the arcs' energy heating the gas zone; (PART 2) represents the burner power and describes the hyperbolic tangent approximation of the relation between the solid scrap temperature and the burner efficiency (similar to Eq. (3)). Meaning that the decreased burner efficiency due to higher scrap temperature heats the gas zone instead of the steel. Due to the small masses of the solid slag, which is usually placed on the bottom of the furnace, the solid slag zone has no energy relation to the gas zone. The energy loss due to the cooling Qgas-water of the furnace roof and walls, can be described by Eq. (22) The negative value of the Q i-RAD indicates that the surface i receives the radiative energy from other surfaces, since Q i-RAD denotes the energy flow leaving the surface i.
View factors and surface areas
As can be seen in Eqs. (25) and (27) the amount of radiative heat transfer between the surfaces is dependent on the surface emissivities, temperatures, surface areas and view factors from one surface to another. At this point the relations between the view factors, the surface areas and the geometry of the furnace and the steel are considered.
As assumed, the EAF can be represented as an enclosure with N surfaces, meaning that the sum of all the view factors from one surface to the others is 1, as given by Eq. (28) meaning that a view factor from surface i to j equals the view factor from surface j to i multiplied by the ratio of surface areas . The definitions 28 and 29 are useful when determining the view factors between complex surfaces, as they can be obtained from other view factors in an enclosure.
All the surfaces in the furnace are considered as simple geometric shapes with different orientations, such as discs, rings, cylinders, cone-frustums or different combinations of these. During the melting process the geometric ratios between the surfaces change as a consequence of scrap melting and new scrap loading. Typical phases of the melting progress can be represented by Fig. 3 , which shows that there are four phases of the scrap-melting process relevant for determining the surface areas and view factors. After the initial charge of the furnace, the electrodes bore themselves into the scrap, creating a cone-frustum shaped void. As the melting progresses, the radius of the frustum increases and eventually reaches the edge of the furnace (phase 1). Afterwards, the frustum-shaped void starts to move downwards, exposing more and more of the wall's surface (phase 2). When a sufficient amount of scrap melts, the level of the liquid metal is reached by the arcs (phase 3). From this point on, the energy flow into the liquid metal increases, while the flow into the solid scrap decreases rapidly. When the melting process approaches an end, all of the scrap is molten and slag starts to foam (phase 4). Also visible in Fig. 3 is the fact that the initial (solid) and final (liquid) volumes of the metal are not the same, which is due to the bulk densities of the solid ( ) and liquid ( ) metals.
12)
To determine the surface areas and view factors, the following EAF geometry and associated annotation was used as shown in Fig. 4 .
The dimensions of the exposed walls (hwall), scrap height (hscrap1, hscrap2), bath height (hbath), slag height (hslag) and cone frustum (hcone, rcone in, rcone out) are obtained from the scrap and slag melting Eqs. (42), (43), (46) and (47) discussed later. The arc length (harc) is obtained from the EAF electric model proposed in our previous paper.
1 ) The other non-variable dimensions are: reaf out = 6.6 m, reaf in = 4.9 m, rhole = 3.4 m, heaf up = 2.9 m and heaf low = 1.0 m.
The view factors needed in the radiative heat-transfer Eq. (27) are obtained from different sources that have studied radiative heat transfer, 11, 13, 14) assuming the inner zones of the EAF to be as follows: roof = ring (outer diameter -reaf out, inner diameter -rhole), walls = cylinder (height -hwall, diameter -reaf out), steel scrap = cone frustum attached to coaxial ring (cone height -hcone, cone outer diameter -rcone out, cone inner diameter -rcone in, ring diameters -reaf out and rcone out), liquid metal = disc (diameter reaf in). The arcs are assumed to be cylindrical, although in reality the arcs tend to extend at the bottom, forming a parabolic shape, which behaves chaotically. 15) Since the energy dissipated from the electric arcs prevails in a radiative form, the view factors from the arcs to other surfaces in the furnace play a significant role. When dealing with a flat-bath situation in an EAF, the view factors from the arcs could be obtained relatively easily. However, when considering the situation prior to the flat bath, i.e., solid scrap is present, the view factors from the arc tend to change as the scrap melts and are more difficult to determine. Considering the paper published by MacRosty, 3) the arc-tosolid-scrap view factor (VF5-3) is approximated as an exponential function , where rb is a cone-frustum base radius. It is generally known that the electrodes bore into the solid scrap at the beginning of each basket, meaning that the view factor from the arc to the scrap increases rapidly as the electrode progresses its way into the scrap and then gradually decreases when the scrap surrounding the electrode melts. In this manner we propose the view factor from the arc to the solid (VF5-3) or liquid (VF5-4) scrap, considering the view factor reciprocity rule, to be determined as follows with Eqs. (30) and (31) hbath, hscrap1, hscrap2 and hcone define the solid and liquid metal height and the depth of the electrodes in the cone frustum, respectively, and are shown in Fig. 4 . Briefly, the tangent-hyperbolic relation between the steel heights determines which zone (solid or liquid) is more exposed and rather than being "on-off" assures continuous dynamics when the scrap cone void drops to reach the bath height. The view factors VF5-1 and VF5-2 needed in Eqs. (30) and (31) are obtained as a cylinder to coaxial ring (arcs to roof) and a cylinder inside or outside the radial cylinder (arcs to walls). The view factors VF5-1 and VF5-2 are reduced by the (1-Kslag) factor, where Kslag denotes the slag impact on the arc's radiative heat to the roof and walls and is presented in detail in part 2 (PART 2) . Some additional factors to further increase or decrease the factors depending on the solid scrap distribution, which exceeds the scope of this paper, will be addressed in another paper.
Rate of Temperature Change
As a consequence of the heat-balance equations, the temperature of each EAF zone changes according to the firstorder differential Eqs. (33) 37) where Qxx denotes the energy provided to each of the zones, Txx represents the temperatures of the zones, mxx represents the current masses of each zone and Cp,xx represents the specific heat capacity for each zone. Suffix xx denotes the appurtenant zone. The factors and represent the energy that is heating the zone and assures that its temperature cannot rise above the melting point.
Since each EAF zone is homogenous in all aspects (see assumptions), whether the change of mass should appear due to the addition of the material (charging a new basket, slag addition, etc.), the temperature of the zone is re-determined using Eq. (38) 38) where xx represents the particular EAF zone and addition represents the material added to the zone. Since each zone possesses equal characteristics (see assumption), Cp,xx can be excluded from the equation.
As was mentioned previously, besides the standard EAF zones, two more zones are used for determining the heat losses due to the cooling of the furnace, i.e., the roof and the wall zones. The temperatures of the roof and walls can be determined with Eqs. (39) and (40) represent the material density of the roof and the walls, C p,roof and C p,wall represent the specific heat capacity of the roof and walls, fractions A1/(A1+A2) and A2/(A1+A2) define the portion of the gas energy transferred to roof and wall zones, respectively. Other cooling losses (furnace hearth) can be defined by Eq. (41): ..... (41) At this point the model assumes invariable water flows Φ 1-H2O and Φ 2-H2O across the panels without the pressure drop; as for the real processes the flows are slightly variable. 16, 17) Determining the temperatures of the roof and walls is important when the EAF model is used for optimization purposes. When applying the optimization, it could be possible that the routine parameterizes the model in a way that would increase the power of the arcs in order to reach the energy optimum; however, the temperatures of the cooling panels should be taken into account, since the high radiative impact of the arcs damages the furnace linings.
Mass Transfer Model
With the heat-balance and temperature-gradient equations determined, the mass-balance models for each of the EAF zones can be defined. The melt rate of the solid scrap can be defined using the following Eqs. (42) and (43) , which gives Eq. (45):
....... (45) where mi denotes the actual mass of the element in the bath. Similarly, the melt rate of the solid slag can be defined using Eqs. (46) and (47) 
Results and Discussion
The following section presents the simulation results obtained from the developed mathematical models for the mass and heat transfer and the chemical reactions from both parts of the paper; however, only the results relevant to this paper are presented in the following. Some of the obtained results are compared with the available endpoint measurements. Since the EAF idle data (basket loading, electrode maintenance, etc.) does not represent any significant information about the melting process (except the tap-to-tap times, which are thus far not relevant for this study), it has been removed from the measurements and is therefore not used as a part of the model's validation. Figure 5 and Table 1 show the timeline of the simulation, relevant for obtaining the simulation results presented here and in part 2. The actions presented in the timeline are defined according to the actual EAF melting process obtained from the operational data. All the units except Q arc (MW), Charge (ton) and Time (s) are in kg/s.
Simulation Timeline
Observing Fig. 5 and Table 1 , Charge represents the scrap loading in tons (loaded at times 0 s, 900 s and 1 500 s), Qarc represents the sum of the arc powers in MW, O2 rate represents the oxygen lancing rate, O2 post represents the oxygen lancing rate for CO post-combustion, C rate represents the carbon injection rate, offgas represents the offgas flow rate, CH4 rate represents the oxygen burners injection rate and Slag represents the rate of addition of slag-forming materials. Figure 6 shows the results of the mass-transfer model for each of the EAF zones.
Mass Transfer Model
As can be seen, at times 900 s and 1 500 s when a new basket of scrap is loaded, the mass of solid steel increases instantly. Shortly after each charge a rapid increase in liquid steel can be observed, which is a consequence of high exposure of the solid steel to the arcs. When a significant amount of solid steel melts more energy is transferred to liquid steel and the melting rate decreases accordingly. Also visible, the mass of the solid slag drops rapidly after the furnace is turned on and remains close to 0 even though slag-forming materials are charged into the furnace, which is a consequence of the fast melting of those materials due to the low rate of their addition compared to the overall mass in the EAF. Figure 7 shows the temperature changes in the observed EAF zones. Similarly, as in Fig. 6 , a decrease in the temperature can be observed at times 900 s and 1 500 s when a new basket of scrap is loaded. The drop in temperature in the liquid metal zone is higher after the first charge, which affects the solidifying of the liquid metal observable in proposed by Ref. 18) , the temperature of the gas is usually higher than the other zones, which also coincides with the results of our model. The initial gas-zone temperature is 298 K, but this rapidly increases to around 1 000 K, which is a consequence of the low heat capacity of the gases and the high temperatures of the oxygen burners and electric arcs. After each charge, the model assumes that the temperature in the gas zone drops to that of the surroundings (298 K) and all the other gases, except N2 and O2, are released from the EAF freeboard.
Temperature Change Model
As can be seen in Fig. 7 , liquid steel temperature already appears at time 0, even though no liquid steel is present yet. This might seem strange; however, simulation procedure assumes a small initial amount of liquid steel (1 kg), with the temperature 1 809 K in order to prevent numerical difficulties and simulation instability. Similarly, temperatures of solid steel and slag remain, even though both have already melted, which is also due to the simulation assumption that the final mass of solid steel or slag cannot drop bellow 1 kg. However, when solid steel and slag masses reach their minimum value, they are excluded from further calculations. Figure 8 shows the radiative heat transfer between the considered EAF surfaces. As can be observed, the radiative power of the arcs (P arc-RAD) reaches up to 33 MW, which amounts to approximately 75% of the active arc powers. The negative characteristic of the curves denotes that the associated surface is receiving the radiative heat, while the positive characteristic denotes a loss of radiative power from that surface. Observing Figs. 8 and 6 simultaneously, we can see the relation between the radiative powers transmitted to either of the zones to its mass. After t = 1 700 s a sharp increase in the radiative power to the liquid zone occurs, which is a consequence of the slag forming, described in Eq. (59) (PART 2) . Figure 9 shows the power impacts between the EAF zones and between the arcs and the liquid and solid metal zones. Like with Fig. 8 , a relation between the solid and liquid metal masses and the corresponding powers is observable.
Heat Transfer Model
As can be seen in Fig. 9 the energy flows between the arcs, the solid and the liquid steel prevail over the energy flows between the steel and the slag zones, which is a consequence of the larger masses of the steel zones compared to the slag zones. Nonetheless, modeling the slag zones separately from the steel zones is important, as each zone possesses its own physical characteristics, which leads to different mass, heat and temperature profiles. Figure 10 shows the total input energy (power) flows into each zone.
A sharp increase of power to the solid steel zone can be observed after each charge, which is mostly a consequence of the increased energy transfer from the liquid and gas zones to the solid scrap. Like with Fig. 9 , lower powers to the slag zones are observable, where the reasons for that were already mentioned. Figure 11 shows the temperatures of the cooling panels and the total loss of energy (power) for each zone due to the cooling of the furnace vessel or due to the gases extracted to offgas.
It can be seen that a relatively constant power (energy) is lost due to the extraction of gases. Shortly after the first and second charge, greater loss of energy and increased wall temperature (T wall) occur to the liquid zone, as a consequence of the flat-bath conditions to prevent the furnace from overheating. Also visible at times 900 s and 1 500 s is a sharp increase in the gas cooling power (Pwater-gas) and the roof-cooling temperature (Troof), which occur due to higher . Since the masses of the liquid and solid slags are lower compared to the overall charge, lower cooling powers affect the slag zones.
Model Validation
To further validate the developed EAF model and to ensure its applicability for the initial goals of this study, the endpoint simulation results were compared to the measured operational data and are presented in Fig. 12 and Table 2 . The measured average values were obtained from the data for 40 different heats, while the simulated values were obtained from the proposed model, starting the simulation with different initial conditions. At this point a comparisons between initial and endpoint steel mass (first and second column), power on times (third column) and endpoint steel temperatures (fourth column) are given.
As can be seen in Fig. 12 and Table 2 , the measured and simulated endpoint data are very similar, which indicates the accuracy of the built model and its usability for further analysis, i.e., energy optimization and an operator-training simulator. Other values, important for the validation, such as: energy consumption, endpoint steel and slag composition, are given in part 2 paper (PART 2) or were already presented.
1)

Conclusion
In this paper an approach to the mathematical modeling and experimental validation of heat and mass transfer and the temperature profiles of the EAF processes is presented. The obtained model is mainly developed in accordance with the fundamental laws of heat and mass transfer. Parameterization of the model is carried out using available operational measurements and theoretical data for the EAF processes. Some relations had to be modeled experimentally using exponential and hyperbolic-tangent approximations as the knowledge of the process is not defined mathematically or the process exhibits non-linear behavior, which is easier to model in this manner. Regarding the presented results, the proposed model can be considered as being appropriate for the aims of the study, as high levels of similarity were achieved between the simulated results and both the theoretical and operational data available. The developed model is primarily designed for the EAF energy and cost optimization and operator-training simulator. Having a relatively accurate model of the EAF processes, different scenarios and optimization techniques can be performed to enhance the actual EAF process. The obtained model can be used for simulating any similar EAF assembly; however, the parameters need to be readjusted according to the particular operational data. Although several studies investigate the specific electric, hydraulic, mass, thermal and chemical processes of the EAF, an approach as presented in this study, which would combine all the mentioned mechanisms of those processes in a single model in this extent has not been found in the literature. 
